In recent years, magnetic nanoparticles (MNPs) have gained increased attention due to their superparamagnetic properties. These properties allow the development of innovative biomedical applications such as targeted drug delivery and tumour heating. However, these modalities lack effective operation arising from the inaccurate quantification of the spatial MNP distribution. This paper proposes an approach for assessing the one-dimensional (1D) MNP distribution using electron paramagnetic resonance (EPR). EPR is able to accurately determine the MNP concentration in a single volume but not the MNP distribution throughout this volume. A new approach that exploits the solution of inverse problems for the correct interpretation of the measured EPR signals, is investigated. We achieve reconstruction of the 1D distribution of MNPs using EPR. Furthermore, the impact of temperature control on the reconstructed distributions is analysed by comparing two EPR setups where the latter setup is temperature controlled. Reconstruction quality for the temperature-controlled setup increases with an average of 5% and with a maximum increase of 13% for distributions with relatively lower iron concentrations and higher resolutions. However, these measurements are only a validation of our new method and form no hard limits.
Introduction
Superparamagnetic nanoparticles (MNPs) are particles with a diameter in the nanometre region. Biomedical applications employ MNPs with a magnetite or maghemite core (ranging from a few to several nanometres) [1] . The core is surrounded by a coating which allows interaction with the body and which avoids clustering of the particles. Due to the small magnetic core the magnetization of the particle is changed randomly under influence of thermal energy (superparamagnetism) [2] . These particles are increasingly applied in biomedical applications such as drug targeting [3] , disease diagnosis [4] and tumour heating [5] . Important MNP requirements for current and future applications are discussed in [6] [7] [8] [9] . The spatial MNP distribution needs to be accurately known for the optimal operation of these modalities. A lack thereof can result in patient discomfort, safety issues and inefficient operation of the applications. Quantitative reconstruction techniques are needed to guide these MNP-based applications towards medical practice.
To date, no method has been able to quantitatively reconstruct the spatial MNP distribution. A quantitative reconstruction is a reconstruction with a high resolution and with a high accuracy on the MNP concentration. Magnetic particle imaging (MPI) yields a semi-quantitative MNP distribution with a high resolution (<1 mm) but with a relatively high error on the absolute concentration value [10, 11] . Magnetic resonance imaging (MRI) is also unsuccessful at reaching the desired accuracy since an indirect effect, i.e. the influence on the magnetization of the protons, is measured when quantifying the particles [12] . An alternative technique to visualize the MNP distribution is to apply magnetorelaxometry (MRX) [2, 13, 14] . Unfortunately, difficulties arise in obtaining the absolute concentration of the MNPs and the spatial resolution is smaller compared to MPI [15] . On the other hand, electron paramagnetic resonance (EPR) can quantitatively determine the concentration of particles in the complete sample, but does not permit obtaining the distribution of the particles throughout the sample [16] .
From all these techniques, EPR has a high potential to become a biomagnetic imaging method if spatial information can be extracted from the EPR measurements. EPR spectroscopy measures the absorption of electromagnetic radiation by a paramagnetic sample which is placed in a magnetic field [17] . A paramagnetic sample consists of a material containing unpaired electrons.
EPR is subject to similar principles as the well-known Nuclear Magnetic Resonance (NMR) scanners, since both consider the interaction between electromagnetic radiation and magnetic moments. NMR however, studies magnetic moments that arise from nuclei rather than from electrons [18] . The progress in EPR has been noticeably slow compared to NMR because of several technical challenges due to the physical and chemical differences between the resonant species. The commonly used radiation frequencies (X-band, ≈9 GHz) in EPR experiments are too high to allow in vivo analysis of paramagnetic materials. Frequencies lower than 1.2 GHz and preferably between 250 and 500 MHz must be applied to avoid non-resonant absorption of water and to allow sufficient penetration into the tissue [19, 20] .
Two types of EPR spectrometers exist [21] . The continuous wave (CW) EPR radiates the sample continuously on a lower energy level, while the pulsed EPR uses radiation pulses of higher energy. Pulsed EPR lowers the measurement time, reduces imaging artefacts and enables contrast mapping. However, the higher energy levels can induce a high specific energy absorption rate (SAR) in the body. This is an undesirable effect if living samples are measured.
Recently, a 300 MHz CW EPR spectrometer has been developed that allows measurements with a higher signal-tonoise ratio (SNR) compared to other EPR modalities [22] . Due to the lower frequency of the incident electromagnetic wave, in vivo measurements are possible. This setup measures the magnetic particles directly at a fixed frequency and magnetic field magnitude, thereby enabling the quantitative registration of the superparamagnetic nanoparticles. In a standard EPR experiment only the indirect absorption is measured.
Conventionally, CW EPR reconstructions are performed using the backprojection technique, originally used in the field of radiographic tomography, and having applications such as computed tomography (CT), positron emission tomography (PET) and single photon emission computed tomography (SPECT) [20, 23] . The backprojection algorithm needs a field gradient, which will complicate the EPR setup more and which will require an extensive parameter analysis. Different gradient orientations are needed and for every gradient orientation a magnetic field sweep needs to be performed. Our method does not alter the original EPR setup as no additional magnets are needed to create the field gradients and no field sweep is necessary, i.e. the measurements are performed at a fixed magnetic field value. Additionally, high field gradients have an influence on the measured signals which results in a lower SNR. This paper proposes a method for quantitative onedimensional (1D) MNP reconstructions using CW EPR. To our knowledge, we are the first to image a 1D distribution of superparamagnetic nanoparticles using low-frequency EPR. Previous approaches applying EPR for the quantification of MNP had no spatial information [16] . Spatial information is retrieved from our EPR measurements by moving the sample through the magnetic field along one direction. Every new position of the sample along the line yields a distinct measurement. The field of view of the detection and excitation coils of the EPR setup induces a measurement response which depends on the position of the sample. This way a 1D reconstruction of the MNP distribution is achieved by solving a so-called inverse problem. These inverse problems require a forward model that is function of the spatial distribution of the MNPs, i.e. the forward model simulates the measurements and is evaluated for different MNP distributions. These models allow an accurate interpretation of the measured signals. Figure 1 schematically illustrates the methodology. In a first stage a numerical validation is performed of the proposed method where synthetic data is generated for certain MNP distributions. In a second stage the method is experimentally validated using CW EPR measurements. The accuracy on the reconstructed data is investigated by comparing the calculated reconstruction with the real magnetic nanoparticle distribution that was placed in the holder. Measurements are executed on two distinct setups, i.e. a temperature-controlled setup and non-controlled. This enables us to evaluate the robustness and universality of the method.
Method

CW EPR measurement setup
We briefly explain the operation of the used CW EPR setup for sensing the MNPs, see also figure 2(a). Additional information on the different types of EPR spectrometers and their main components can be found in [17, 18] . The setup consists of three coils that define the axes of the system. The excitation coil is oriented along the x-axis and generates a radio frequency wave. The Helmholtz coil produces the homogeneous magnetic field B. B is oriented parallel or anti-parallel with respect to the z-axis. The sensing coil defines the y-axis and measures the magnetization of the MNP. The sensing coil is placed perpendicularly with respect to the excitation coil in order to isolate them from each other. This increases the SNR of the setup. The magnetization vector of the paramagnetic sample, M , is tilted under a certain angle compared to the direction of the homogeneous magnetic field B due to the radio frequency wave. When B is directed along z, this implies that M has a component along the y-axis, M y . M y is proportional to the amount of particles in the sample. If the direction of B changes to −z, M y is equal to the previous value, but is now oriented along −y. A measured signal in the sensing coil consists of the following components:
B 1att is the magnetic component of the radio frequency wave that is sensed by the sensing coil. When subtracting the measurements for the two orientations of B, we obtain
Rapidly changing the orientation of B and performing multiple measurements of these two orientations allows reduction of the noise [22] . Therefore, this setup is able to accurately acquire the concentration of superparamagnetic iron oxide nanoparticles in a sample. A more detailed description can be found in [22] . Unfortunately, it is not possible to retrieve spatial information on the location of the MNPs throughout the sample. Next section describes the proposed method to obtain a 1D distribution of the MNPs using this setup. During our measurements a magnetic field amplitude of 10 mT is employed. The orientation of B changes at a frequency of 200 Hz. The magnetic field should at least have a homogeneity of 200 ppm (the difference of the maximum and minimum magnetic field multiplied by 1 million) to allow accurate measurements. Note that the presented methodology is applicable for the broad ranges of parameters mentioned in [22] , i.e. an operative frequency between 60 and 500 MHz and a magnetic field amplitude between 0 and 50 mT. Measurements were performed on two different setups. The first setup (figure 2(a)) works as described above and is further denoted as setup A. The second setup has additional cooling and the edges of the spectrometer are covered to avoid reflections of the electromagnetic wave. This temperature-controlled setup is referred to as setup B. A comparison is made between the two systems. We expect an increased accuracy and more stable results for setup B.
System response
In a standard measurement approach the sample is fixed in the centre of B. This is also the place where the excitation and sensing coil are positioned. During the first step of our method a calibration sample is moved through B along x = y (called the xy-axis, figure 2(a) ). The calibration sample is a tube where only one compartment is filled with a well-known MNP concentration. When the calibration sample is on the edge of B it is on the furthest point from the excitation and sensing coil. On this position, the electron spins are only moderately excited by the radio-frequency wave and only partly registered by the sensing coil, resulting in a relatively small measurement value. The highest measurement value is obtained for xy = 0 due to the complete excitation and sensing of the particles in the sample. The response function is the degree of particle registration by the system in function of the sample position on xy. The response function is normalized to obtain the response Let us consider the measurement of an unknown concentration distribution. In our numerical simulations and experiments this is a tube consisting of different compartments with particle concentrations c i (i = 1, . . . , N) ( figure 2(b) ). This tube is also moved along the xy-axis in a similar manner as the calibrating sample. A j -th measurement can be defined as
F ji is the system's response value for the position xy i (j ) of compartment i with concentration c i during measurement j . The response function acts as a weighting function: when compartment i is in the centre of the field we obtain the actual concentration in our signal S j , i.e. 
The K×N response matrix F links a concentration distribution to a measurement in the sensing coil. S is a K-dimensional vector. c represents a N -dimensional vector, containing the concentrations of the different compartments. These values are unknown and need to be recovered. N depends on the discretization of the tube. Equation (4) 
Construction of the response matrix
The unknown distribution is moved along the xy-axis with a certain step K. Every new position corresponds to a new measurement. Prior to the actual measurements, a calibrating sample is moved along xy with a step M to obtain the response function R(xy). R(xy) has M components and M is the discretization of the response function R(xy). The elements of the response matrix F are obtained by translating the response function for every measurement. Every compartment is on a position with a certain response value. When compartments of the tube are outside the magnetic field B, zeros are inserted for these compartments. The number of leaped rows depends on the ratio of K to M.
K > M when we want to perform faster measurements or when a more accurate reconstruction is not necessary. When K < M, the rows are duplicated. In practice it is crucial to acquire the response function very precisely, since the accuracy of the forward model depends on the response function.
Reconstruction of the spatial distribution
The 1D MNP concentration distribution is reconstructed by solving an inverse problem where the distance between the set of measurements and model response needs to be minimal to a certain norm:
Typically, the L 2 norm is used in (5). K and N (the dimensions of F ) are two important parameters that define the type of problem. If K < N we have an underdetermined problem: multiple particle distributions can be the solution to (5). When K > N the problem is overdetermined and only an approximation of the particle distribution is possible. The minimization problem is performed through a minimum norm estimation method [24] . This method employs the truncated singular value decomposition (SVD) method [25] , where eigenvalues smaller than σ r are neglected. The number of relevant eigenvalues r can be determined by comparing the reconstructed distribution to the actual known distribution for different r. The number of considered eigenvalues will indeed change F † r in (6) and the associated reconstruction. The r corresponding to the best reconstruction of the actual MNP distribution is chosen. We associate a correlation coefficient (CC) with every reconstruction c * . The CC is a measure for the reconstruction quality. A CC of 1, means a perfect reconstruction while a CC of 0 implies no correspondence between the actual particle distribution and the reconstructed distribution. The CC is calculated as follows:
c * is the reconstructed distribution and c is the actual distribution.c andc * correspond to the mean values of the vectors. A second approach consists in analysing the distribution of eigenvalues of F . Certain properties of this distribution are then used to obtain r.
Results and discussion
MNP concentration distributions
The reconstruction quality of setup A and B is compared for five concentration distributions. Figure 4 depicts the different distributions and the calibrating sample of the setups. These distributions were implemented in the software to realize a numerical validation of the proposed methodology. Concentration distributions 2-5 are actual MNP concentration distributions that are measured with both setups. Because of the distinct compartments of the tube, no continuous distribution is measured in the experimental validation.
Numerical validation of the proposed method
We construct an artificial response function and use this function in the forward model for the simulation of measurements (4). These simulated measurements are used in equation (6) as S M to obtain the different reconstructions. Additionally, numerical simulations are performed where noise is added to the simulated measurements. This allows investigating the influence of noise on the reconstruction quality. These numerical simulations can also be used to obtain the minimal requirements of a response function (certain amplitude, steepness,. . . ). A perfect reconstruction is possible when an artificial response function is used. However, it should be noted that the reconstruction quality depends on the response function. This is only a numerical validation of the method, therefore these results are omitted and only the results with a measured (real) response function are given.
From now on, the actual response function is used for building up the forward model (4) . To acquire the response function, the EPR signal is measured for different positions (M setup A = 34, M setup B = 38, M = 1 mm) of a 5 µmol Fe Resovist ® (Schering AG, Berlin, Germany) sample (section 2.2 and figure 4) . The Resovist ® particles are commonly applied as contrast agents in MRI. For more information on these particles, see [26] . Figure 5 shows the typical shape of the normalized response function for setup A and B. As stated before, the response function has an important impact on the accuracy of the proposed methodology. The two response functions were differentiated
∂R(xy) ∂xy
to analyse the steepness of the response functions. Setup B is steeper especially in the centre of the field. This means that noise will have a smaller influence on the measurements as there is a larger difference between consecutive values of the response function. When this difference is small, the added noise can reach response values associated with other xy-positions and in this way induce displacement errors. Equation (4) depends on the measured response function and is different for setup A and setup B. Figure 6 shows the forward model responses for both setups, compared to the actual measurements with both setups. A close correspondence can be observed between the forward model of setup B and the actual measurement. This is not the case for setup A. From table 1 it can be observed that this is also the general conclusion when all the measurements are considered. Setup A retrieves increased absolute EPR signals when compared to setup B for equal MNP distributions, but due to the relatively high error of the forward model, this advantage is lost.
Different MNP distributions, see figure 4 , are considered for reconstruction. The MNP distributions are perfectly recovered in case no noise is present in the measurement data. However, real experiments contain noise originating from e.g. the hardware and the environment.This is also the cause of the difference between the simulated and real measurement in figure 6 . We added white Gaussian noise to the simulated measurements to analyse the noise robustness of the methodology. Different noise levels (ranging from 1% to 10% in steps of 1%) are added and the deterioration in reconstruction quality is shown in figures 7 and 8. For each noise level, 50 different noisy data were generated and starting from the synthetic measurements, we calculated the CC. The average CC for each noise level is depicted in figure 7 for setup A and B. The corresponding averaged reconstructions for each noise level are depicted in figure 8.
1D reconstruction of MNP concentration distribution using EPR
In previous section, the proposed methodology is numerically tested by using simulated measurements of the MNP distributions. In this section, actual measurement signals of the MNP distributions are used from the two EPR setups. The focus is on the selection of the number of eigenvalues. Here the correspondence between the reconstructed MNP distribution, using the inverse problem, and the a priori known distribution in the sample is investigated.
The r eigenvalues (6) are determined by analysing the eigenvalues of F . Figure 9 depicts the normalized eigenvalue distribution of setup A and setup B. Eigenvalues represent sources. Higher eigenvalues are associated with the signal space, while lower eigenvalues correspond to noise sources. The eigenvalues which are signal sources should be selected by choosing the right r. In a first step, reconstructions for different r (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and different concentration distributions are performed. Based on these results an r for the system is selected. Concentration distributions 2-5 from figure 4 were measured. Overall the most accurate reconstructions with setup A were obtained for r = 7. Only for distribution 5 is a large difference of 21% for the CC score seen when 11 eigenvalues are retained instead of 7. When analysing figure 9 we observe that this r is close to the inflection point (r = 8) of the eigenvalue distribution. When r = 8 instead of 7, there is only a mean difference (considering all the reconstructions) of 5% for the CC score. Setup B obtains the most accurate reconstructions for r = 10 or 11. Again a larger difference of 8% (when r equals 5 instead of 10) is obtained for distribution 5. The r based on the most accurate reconstructions also corresponds to the inflection point (r = 10) of figure 9. This allows determining r based on the eigenvalue distribution of F and an extensive reconstruction analysis is no longer needed. Again the lower noise sensitivity of setup B is represented in this figure, since the first eigenvalues are higher in amplitude compared to the first eigenvalues of setup A. Figure 10 shows a reconstruction of concentration distribution 3 (figure 4). These are three compartments with a length of 2 mm filled with 2.5 µmol of Resovist ® . The compartments are separated by a compartment edge of 1 mm. Concentration distribution 3 is the most difficult distribution to reconstruct due to the lower iron concentrations in this distribution and the closer spacing of the filled compartments. The reconstruction resolution is chosen to be 1 mm (equal to the measurement resolution). The CC score is 93% for setup B and 80% for setup A. When all the reconstructions (concentration distributions 2-5) for different eigenvalues (r = 6-12) are considered, setup B achieves a CC increase of ≈5% compared to setup A. However, in the case of distribution 3, a mean difference (r = 6-12) of 23% between the CC scores of both setups is achieved (table 2). Table 2 gives an overview of the CC scores for different eigenvalues for concentration 3 measured with setup A and setup B. Because of the smaller Resovist ® concentrations and the higher resolution, the resulting measurement values are smaller in amplitude and change more gradually ( figure 11 ). This means that the influence of the noise becomes more important. Because setup B is less sensitive to noise we have better results compared to setup A. This is due to the additional cooling, which decreases the changes in offset error and the impact of the noise. Also, the CC score of setup B changes only gradually in the neighborhood of the inflection point (table 2) . In case r is erroneous, the reconstruction quality will be less affected than when a measurement is performed with setup A. It should be noted that there could be an influence of particle dehydration on the measurements. We expect better results when particle distributions are made and then measured directly.
Based on previous results we determined that setup B is less sensitive to noise. Setup B recovers MNP distributions better than setup A with an increase of 13% for the most demanding reconstruction and an average increase of ≈5% when all the measured MNP distributions are taken into account. Setup B was then employed for measurements of more continuous distributions ( figure 12 ). These measurements were performed just after the distributions were made to minimize the influence of dehydration of the MNPs. The reconstructions are somewhat smoothed because of the position error on the sample during the movement through B. In the future the movement setup will be automatized to decrease this error and to allow more accurate reconstructions. Figure 12 proves that we are able to reconstruct the absolute values of different MNP concentrations.
This paper is a proof of principle of the presented method.
The setup can be applied for preclinical applications in small animals such as mice. The applications are in vivo molecular and functional imaging addressing pharmaceutical applications in drug development, preclinical testing, diagnostic imaging and translational medicine [9] . For example the mouse can be anesthetized, fixed and moved in a holder. Using the presented method, we are able to locate and quantify the magnetic nanoparticle concentrations. This paper is a first step towards such an application and more steps need to be taken for developing such a preclinical quantification method. Work is in progress to realize this.
Conclusion
Combining our new measurement approach with inverse problems allows interpreting the EPR measurements correctly, resulting in an accurate 1D reconstruction of magnetic nanoparticles. This is the first quantitative 1D reconstruction of the spatial distribution of superparamagnetic nanoparticles using EPR measurements.
The proposed methodology is experimentally validated, however, higher resolutions and lower concentrations are expected to be measurable. Additionally, a comparison is performed between two setups, where the second setup has additional temperature control of the environment and a specialized lining to avoid reflections of the electromagnetic wave. Following our numerical and experimental results we can conclude that the temperaturecontrolled setup is less sensitive to noise than the other setup. This results in an increase of the reconstruction quality by 13% for the most difficult particle distribution and an average increase of 5%, when all the measurements are considered. In the future more measurements and numerical simulations will be executed to analyse the influence of different errors on the reconstruction of the particle distribution and to determine the limits of our method.
